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Although quantum mechanics is a mature theory, fundamental problems discussed during its time
of foundation have remained with us to this day. These problems are centered on the problematic
relation between the quantum and classical worlds. The most famous element is the measurement
problem, i.e., the measurement of a quantum system by a classical apparatus, and the concomitant
phenomena of wave packet reduction, the appearance of probability, and the problems related to
Schro¨dinger cat states. A fundamental question in this context is whether quantum mechanics
can bootstrap itself to the classical world: is quantum mechanics self-consistent, such that the
measurement process can be understood within quantum mechanics itself, or does this process
require additional elements from the realm outside of traditional quantum mechanics? Here, we
point to a problematic aspect in the traditional Schro¨dinger cat argument which can be overcome
through its extension with a proper macroscopic preparation device; the deliberate creation of a
cat state and its identification then turns into a non-trivial problem requiring the determination
of the evolution of a quantum system entangled with a macroscopic reservoir. We describe a new
type of wave-function correlator testing for the appearance of Schro¨dinger cat states and discuss its
implications for theories deriving the wave function collapse from a unitary evolution.
PACS numbers: 03.65.Ta
I. INTRODUCTION
The most widespread interpretation of quantum me-
chanics follows a pragmatic approach, starting with the
request not to attribute a deep meaning to the wave func-
tion but immediately go over to probabilities1,2. The ran-
domness exists as a postulate, the Born rule defines the
probability ρ = |Ψ|2 from the wave function Ψ, and the
von Neumann projection postulate for the wave function
or density matrix tells us how to deal with repeated mea-
surements and calculate correlators. Schro¨dinger cats do
not exist (as no meaning is attributed to the wave func-
tion except for providing a tool to determine probabil-
ities) and the separation between the quantum and the
classical worlds appears to be arbitrary.
Within this pragmatic approach, the collapse of the
wave function in the measurement process appears as a
particularly mysterious step: Consider an initial state
|Ψ〉t=0 = |ϕ〉 ⊗ |M〉 (1)
describing the microscopic quantum system (|ϕ〉) and
the macroscopic measurement device (|M〉, a reservoir in
some metastable state). Following standard arguments3,
the measurement process involves two related operators
mˆ and Mˆ (with eigenstates |mn〉 and |Mn〉) acting on the
microscopic quantum system and the macroscopic meter,
respectively. After the measurement process, the sys-
tems’ state can be expressed in the basis |mn〉 and |Mn〉
of the measurement operators, where the eigenvalue Mn
describes the meter reading of the apparatus,
|Ψ〉t=tmeasure =
∑
n
ϕn(t)|mn〉 ⊗ |Mn〉, (2)
and with the coefficients ϕn = 〈mn|ϕ〉 related to the ini-
tial state |ϕ〉 of the quantum system. It is the superpo-
sition of orthogonal macroscopic meter states (allowing
for a classical reading) which is the problematic aspect
of the cat state (2). Its ad hoc resolution then invokes a
collapse of the wave function by requiring a unique clas-
sical meter reading4, resulting (with probability |ϕn∗ |
2)
in the collapsed wave function
|Ψ〉t=tmeasure = |mn∗〉 ⊗ |Mn∗〉 (3)
and the systems’ localization in the state |mn∗〉 after the
measurement. Hence, we conclude that the wave function
collapse is not realized within the frame given by ordinary
quantummechanics and the question arises why this is so,
is this only a technical problem due to the macroscopic
nature and the complexity of the measurement apparatus
or is some hidden new physics required for its resolution?
Here, we wish to pursue the idea that the wave func-
tion collapse could be explained within the framework
of quantum mechanics alone, i.e., based on a unitary
evolution of the initial state (1). We are immediately
confronted with two problems: i) combining linearity
with unitary evolution seemingly produces Schro¨dinger
cat states (2) rather than localized states of the type (3);
and ii) the unitary evolution to a localized state (3) de-
prives us from the element of randomness in the theory
and the question poses itself how the concept of proba-
bility (with the correct Born rule) can be recovered. Be-
low, we will argue that the traditional derivation of the
Schro¨dinger cat state suffers from the problem of inap-
propriate initial conditions. We will show that the ap-
pearance of a Schro¨dinger cat state requires the presence
of a superposed macroscopic preparation device already
to begin with; the deliberate creation of a Schro¨dinger
cat state then becomes a non-trivial issue. In fact, as
of now it is unclear whether a carefully prepared state
2indeed develops into a Schro¨dinger cat state under uni-
tary evolution: the confirmation of the appearance of a
Schro¨dinger cat state requires calculation of the unitary
time evolution of the entangled ground state compris-
ing the particle and a macroscopic preparation device; in
principle, this could be done using standard tools5, but
no answer has been given so far. A dramatic simplifica-
tion of this task is expected when the environment states
are averaged over, e.g., at finite temperatures; unfortu-
nately, using standard tools, the information about the
presence or absence of Schro¨dinger cat states is lost in
the averaging process. Below, we introduce a new type
of wave-function correlator allowing to decide on the ap-
pearance of Schro¨dinger cat states even after averaging
and we discuss first results obtained with the help of this
technique. Also, with respect to point ii) raised above, we
will argue that the element of randomness appears natu-
rally through the indeterminacy of the initial state of the
macroscopic environment which appears in the prepara-
tion of the physically correct initial quantum state and
in its measurement.
II. SCHRO¨DINGER CAT STATES
Let us discuss first the traditional argument leading to
the appearance of Schro¨dinger cat states. To fix ideas we
consider a double-well potential with semiclassical states
|L〉 and |R〉 (particle in the left/right well, cf. Fig. 1)
coupled to a macroscopic reservoir |M〉 serving as a me-
ter (the macroscopic cat). The usual Schro¨dinger cat
argument assumes that the individual product states in-
volving the quantum system and an unpolarized reservoir
|Mup〉 evolve into polarized states
|L〉 ⊗ |Mup〉 → |L〉 ⊗ |ML〉,
|R〉 ⊗ |Mup〉 → |R〉 ⊗ |MR〉; (4)
the states |ML〉 and |MR〉 denote the macroscopic po-
larized states of the detector after the measurement. As-
suming linearity, it is concluded that the state [|L〉 +
|R〉]⊗ |Mup〉 evolves into a Schro¨dinger cat state,
[|L〉+ |R〉]⊗ |Mup〉 → |L〉 ⊗ |ML〉+ |R〉 ⊗ |MR〉; (5)
it is the superposition of the macroscopic reservoir (the
cat) which is the problematic aspect of the state (5),
cf. also (2). The underlying mistake in the above
Schro¨dinger cat argument is the assumption that the
whole procedure can be carried out with a single uni-
tary evolution. On the contrary, in order to realize the
evolution in (4) the well has to be externally biased (e.g.,
through a linear potential tilting the double-well) in order
to prevent the particle from leaving the left (right) well
during the time evolution associated with the measure-
ment; hence (4) involves the biased unitary evolutions
UˆL and UˆR. On the other hand, the evolution (5) has to
proceed without any bias and hence involves a different
|R
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FIG. 1: Schematic (electric) setup producing a double-well
potential with suitable switches SL(R) for state preparation:
c: biased state, o: unbiased but polarized state, g: unbiased
state without polarization.
unitary operator Uˆ0. We conclude that this simplistic
manner to create a cat state cannot work.
We then consider a more sophisticated setup for the
construction of a Schro¨dinger cat state. In our second
attempt we want to use the same unbiased unitary evo-
lution in the measurement process (i.e., at times t > 0)
both for the individual wave functions (|L(R)〉⊗ . . . ) and
for the superposed state ([|L〉 + |R〉] ⊗ . . . ). We then
have to be careful how to prepare the superposed state
at times t < 0. To be specific, we again consider the setup
shown in Fig. 1, with a charged particle trapped in a sym-
metric double-well potential set up electrostatically. In
addition, we account for additional polarization charges
|PL〉 and |PR〉 induced by a classical bias voltage V —
the polarization charges plus switches define our prepa-
ration device. We then prepare the states |L〉⊗ |PL〉 and
|R〉 ⊗ |PR〉 by an appropriate biasing of the double-well
potential, e.g., via closing the switches SL and SR, re-
spectively (position c). At the time t = 0 we remove the
classical bias V (switches in position o), hence at times
t > 0 the Hamiltonian describing the setup is symmet-
ric. Different from before, where a classical external bias
was entering the Hamiltonian at t > 0, here, the macro-
scopic preparation device disconnected from the classical
external bias is now a part of the system and its time
evolution has to be accounted for in the overall evolu-
tion. Next, we connect the system to the unpolarized
measuring apparatus |Mup〉. Assuming that large polar-
ization charges remain on the left (right) well, the two
states will propagate under the same unbiased unitary
evolution according to
|L〉 ⊗ |PL〉 ⊗ |Mup〉 → |L〉 ⊗ |PL〉 ⊗ |ML〉 (6)
and similar for L → R. Making use of linearity, we find
that the superposed state evolves according to
[|L〉 ⊗ |PL〉+ |R〉 ⊗ |PR〉]⊗ |Mup〉 (7)
→ |L〉 ⊗ |PL〉 ⊗ |ML〉+ |R〉 ⊗ |PR〉 ⊗ |MR〉.
Obviously, the evolution is again towards a cat state (in-
volving the macroscopic meter states |ML(R)〉); however,
3different from the traditional analysis, here, the origi-
nal state at t = 0 is already a cat state as it involves
the superposition of the macroscopic preparation device
|PL(R)〉, cf. Fig. 2. In the end, we could rescue the ba-
sic construction of a Schro¨dinger cat state by moving the
asymmetry hidden in the Hamiltonian of the traditional
argument into a preparator device which now is a part
of the system. The history of this preparator then is
imprinted in the initial condition of the system. The in-
clusion of this preparator cannot be avoided: removing
the macroscopic polarization clouds holding the particle
in the left- or right well, e.g., via switching into the posi-
tion g, the evolution (6) is no longer guaranteed (as the
particle can delocalize between the wells) and the whole
argument is spoiled. In fact, let us prepare the t = 0
state |L〉 ⊗ |PL〉 and then turn the switch SL into the
position g such as to let the particle evolve into a delo-
calized state involving both semi-classical states |L〉 and
|R〉 (with amplitudes νL and νR). At the time t = tp our
prepared state takes the superposed (S) form
|ΨS〉 = [νL(tp)|L〉 ⊗ |PLL(tp)〉 (8)
+νR(tp)|R〉 ⊗ |PLR(tp)〉],
where |PLL(tp)〉 and |PLR(tp)〉 denote the polarization
states of the left/right cloud if the preparator was initially
left-polarized at t = 0. Hence, the particle is entangled
with the reservoir that is still carrying the information of
the initial state |PL〉; in the standard Schro¨dinger cat ar-
gument, this state is approximated in terms of the prod-
uct state [νL|L〉+ νR|R〉]⊗ |Pup〉.
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FIG. 2: Traditional (right side, involving the microscopic
quantum system |ϕ〉 and the measurement device |M〉) and
new extended (with the macroscopic preparator |P〉 included)
schemes for the construction of a Schro¨dinger cat state. The
‘strange’ preparator and cat in the last row are macroscopic
superpositions of the happy and unhappy preparator/cat ap-
pearing in the first two rows. We argue, that in order to
construct a cat state along the traditional argument involv-
ing linearity and unitarity, a superposition of the macroscopic
preparator is required — a final cat state requires an initial
cat state to begin with.
Let us measure the state of the system at the time
tm ≥ tp (without loss of generality, tm = tp): given the
initial state |Ψp〉⊗ |Mup〉, we cannot a priori predict the
outcome of this measurement knowing only the evolu-
tion (7), as the partly polarized reservoir states |PLL〉
and |PLR〉 differ from the fully polarized states |PL〉 and
|PR〉. At the present moment the answer to this correctly
posed problem is unknown — the answer may describe a
wave function localized in one well, but also, we cannot
exclude an evolution towards a T = 0 Schro¨dinger cat
state involving a superposition of macroscopic reservoir
states.
Summarizing, we have seen that the traditional
method to ‘create’ a Schro¨dinger cat state cannot work
— on the contrary, the initialization of such a cat state is
itself a non-trivial task involving the entanglement of the
quantum system with a macroscopic preparation device.
The time evolution of the macroscopic preparator then
has to be accounted for in the further evolution of the
system. This demanding task has been solved for some
special cases5: Consider a particle in a double-well po-
tential and coupled to an ohmic environment |E〉 at zero
temperature (we use the general term ‘environment’ for
a reservoir which may act as a preparator, a measure-
ment device, or both). Starting from a polarized state
|ΨL〉 = |L〉 ⊗ |EL〉 (i.e., a particle prepared in the left
well at t = 0) it has been found5 that, depending on the
coupling strength α, the system evolves into a collapsed
state (the particle remains in the left well) if the coupling
α > 1 is strong, while for weak coupling 0 < α < 1 the
particle is delocalized between the wells (quantum coher-
ent for 0 < α < 1/2 and semi-classically for 1/2 < α < 1).
Hence, a strongly coupled reservoir (α > 1) defines a
good preparator/meter (leading to a wave function col-
lapse), while a weakly coupled reservoir (0 < α < 1) does
neither produce a measurement nor does it lead to a cat
state. The question whether and under which conditions
a carefully prepared delocalized state |ΨS〉 (S for super-
position) of the type (8) evolves into a Schro¨dinger cat or
into a collapsed state defines a demanding problem which
has not been pursued so far; we note, however, that such
a calculation could be carried out using standard tools,
e.g., via the determination of the occupational asymme-
try P∞ = [PS→L(t) − PS→R(t)]t→∞ at asymptotically
large times (here, PS→L(R)(t) denotes the probability to
find the particle in the left (right) well at time t).
III. WAVE FUNCTION COLLAPSE AND
DENSITY MATRIX
The task of identifying a Schro¨dinger cat state in a
properly defined setup may be simplified dramatically if
the environmental degrees of freedom could be averaged
over some ensemble, e.g., a finite temperature Gibbs en-
semble. The standard route involves the calculation of
the density matrix with an averaging over the reservoir
degrees of freedom. The diagonal elements are referred
4to as the probabilities to find the particle in some spe-
cific state — they do not tell whether the wave function
has collapsed or not. Usually, it is the vanishing of the
off-diagonal matrix elements due to decoherence which is
taken as a signal for the collapse of the wave function,
a conclusion which has lead to some dispute recently6.
Here, analyzing a simple counterexample7, we argue that
the vanishing of the off-diagonal elements in the density
matrix cannot be taken as a proof for the collapse of the
particle’s wave function. Consider the wave function (we
switch to coordinate representation for convenience)
Ψ(x,Y) = νLδx,xLΦL(Y) + νRδx,xRΦR(Y) (9)
describing a particle delocalized between the left and
right states of a double-well potential, |νL|
2 + |νR|
2 = 1.
Let the reservoir states assume the properties of normal-
ization,
∫
dYΦ∗L(R)(Y)ΦL(R)(Y) = 1, and orthogonal-
ity
∫
dYΦ∗L(Y)ΦR(Y) = 0. Calculating the off-diagonal
density matrix element by taking the average over the
reservoir coordinates,
ρLR =
∫
d[Y]Ψ∗(xL,Y)Ψ(xR,Y) (10)
= ν∗LνR
∫
d[Y]Φ∗L(Y)ΦR(Y) = 0,
we obtain a zero result even for coefficients νL(R) 6= 0, i.e.,
while the wave function is delocalized, the off-diagonal el-
ements of the density matrix are zero. In a more complex
example8 where the reservoir is modelled as a fluctuating
classical force, again, the particle wave function remains
delocalized while the off-diagonal elements in the density
matrix are shown to vanish.
This inability to discuss the collapse of the wave func-
tion within a density matrix description is related to the
loss of information in the averaging procedure over the
initial states of the reservoir. In fact, at finite tempera-
tures, the asymmetry P∞ introduced above has to be av-
eraged over the thermal distribution of reservoir states.
In contrast to the T = 0 case, the finite temperature
version 〈P∞〉th vanishes identically for all values of the
coupling α (we start from a t = 0 polarized equilib-
rium state). This zero result can appear in two differ-
ent ways: i) depending on the initial state |En〉 of the
reservoir the probabilities P (n)
L→L(R)(t → ∞) to find the
particle in the left (right) well are either 0 or 1 and the fi-
nal probability 〈P∞〉th vanishes only after averaging over
initial states |En〉; in this case the particle becomes lo-
calized for every given state |En〉 of the reservoir. ii)
For all initial states |En〉 of the reservoir, the particle
remains delocalized and P (n)
L→L(R)(t → ∞) = 1/2; the
asymmetry P (n)(t→∞) already vanishes for each reser-
voir state |En〉 alone. Hence, studying the occupational
asymmetry 〈P∞〉th or the diagonal density matrix ele-
ments ρLLL = 〈PL→L〉th =
∑
wnP
(n)
L→L = 1/2 we cannot
decide whether the particle becomes localized or not.
IV. WAVE FUNCTION CORRELATOR
From the above discussion, we conclude that the den-
sity matrix is insufficient to discuss a possible localiza-
tion of the particle by the reservoir at finite tempera-
tures. This density matrix can be considered as the most
general second-order (equal time) correlator for the wave
function Ψ. An analytic tool providing an answer on
the issue of the collapse of the wave function then has
to involve higher-order correlators of the Ψ-function. As
we are going to show now, the calculation of a fourth-
order correlator allows to separate extended from local-
ized wave functions. Hence, in order to decide on the
appearance of Schro¨dinger cat states we propose to cal-
culate the correlator
〈PL→L(t)PL→R(t)〉th ≡
∑
n
wnP
(n)
L→L(t)P
(n)
L→R(t) (11)
with wn the Gibbs weights. The vanishing of (11) then
tells us that the particle becomes localized; in this case,
the number of ensemble states producing delocalized cat
states is of measure zero. On the other hand, a finite
value 〈PL→L(t)PL→R(t)〉|t→∞ 6= 0 points to the presence
of Schro¨dinger cat states7. We note that the correlator
(11) used here for the identification of cat states is remi-
niscent of the participation ratio9 used in the problem of
Anderson localization where it serves a similar task, the
separation from extended and localized wave functions,
in another context.
Using the property P (n)L→L(t) + P
(n)
L→R(t) = 1, we can
equivalently study the second moment 〈P2L→L(t)〉; the
calculation of higher moments 〈PkL→L(t)〉 then allows
for the determination of the full distribution function
Π [PL→L] of the random variable PL→L, given a distri-
bution wn of initial states of the reservoir. Such a calcu-
lation has been carried out8 for the model describing a
particle trapped in a double-well potential and subject to
a classical fluctuating field η(t) (producing a fluctuating
energy difference between the wells) with Gaussian corre-
lations 〈η(t)η(t′)〉 = Γδ(t− t′). Eq. (11) then is replaced
by the expression
〈PkL→L(t)〉η ≡
∫
D[η(τ)]P [η(τ)]PkL→L([η], t), (12)
where P [η(τ)] denotes the weight of the particular real-
ization η(τ). The result turns out quite non-trivial with
moments 〈PkL→L(t → ∞)〉η = 1/(1 + k), resulting in a
homogeneous distribution of the random variable PL→L.
Interpreting the two-level system |L(R)〉 in terms of a
spin variable | ↑ (↓)〉, we find that after sufficiently long
times an initial state |↑ 〉 points into an arbitrary direc-
tion with equal probability — for a given realization η(τ)
the particle is delocalized and remains coherent, while
its density matrix (after averaging over η) has zero off-
diagonal elements.
5V. REDUCTION FROM UNITARY EVOLUTION
Let us return to the question whether the wave func-
tion collapse could be explained within quantum mechan-
ics itself: a scheme fulfilling this task should describe a)
the crossover from quantum to classical behavior, e.g.,
as a function of size or coupling, b) it should describe
the collapse of the wave function (reduction of the wave
packet), c) it should explain the appearance of probabil-
ity, and d) it should produce the correct probability as
given by the Born rule. In our approach it is the reservoir
which plays a central role — we have argued that it ap-
pears unavoidably already in the preparation stage of an
experiment and it introduces the element of randomness
into the theory. On the one hand, the scheme takes the
form of a deterministic theory, with the microscopic state
of the reservoir uniquely determining the outcome of the
measurement. On the other hand, the microscopic state
of the reservoir is not known in practice (this is implied
by the definition of the term ‘reservoir’) and this is the
basic element responsible for the appearance of random-
ness. We call our scheme describing the wave function
collapse (reduction) within the framework defined by the
rules of quantum mechanics (unitary evolution) and with
the reservoir providing the element of randomness as the
‘R from U scheme’ (reduction from unitary evolution).
The scheme is reminiscent of von Neumann’s hidden vari-
able theory, against which he constructed two powerful
arguments3; we briefly discuss their implication for our
R from U scheme.
The first argument is about ‘dispersionless ensembles’:
an ensemble E is called ‘dispersionless’ if for all hermitian
operators A, 〈A2〉E = 〈A〉
2
E
, where 〈. . . 〉E denotes the en-
semble average. There are no dispersionless ensembles3,
hence even an ensemble made from a single state ϕ(x) ex-
hibits dispersion. Thus randomness is an intrinsic prop-
erty of quantum mechanics and there are no hidden vari-
ables. — In the R from U theory, the intrinsic random-
ness is replaced by the indeterminacy of the initial state
of the macroscopic reservoir and hence the degrees of
freedom of the reservoir play the role of hidden variables.
While in the von Neumann argument observables are ab-
stract operators acting within the Hilbert space of the
quantum system, in the R from U theory, the measure-
ment of each such observable requires the introduction of
its own measuring device and its associated Hilbert space.
Contrary to the situation studied by von Neumann where
all operators act on the same ensemble, here, the ensem-
ble is specified by the measurement apparatus.
The second argument deals with the Born rule: Given
an initial density matrix in the product form ρ = ρϕ⊗ρM
with the particle in a pure state ρϕ = |ϕ〉〈ϕ| and the me-
ter in the mixture ρM =
∑
n wn|Φn〉〈Φn|, the unitary
evolution describing the measurement process produces
the result ρ(t) =
∑
wn|Ψn(t)〉〈Ψn(t)| with Ψn(x,Y, t) =
exp(−iHt/~)ϕ(x)Φn(Y). Assuming that the reservoir
state Φn(Y) uniquely determines the outcome of the
measurement, i.e., ϕ → φn, we arrive at the result
ρ =
∑
wn|φn ⊗ Φn〉〈φn ⊗ Φn| and the probability to
measure the n-th meter state is given by the probabil-
ity wn, independent of the initial state ϕ(x) of the par-
ticle (note that here, all of the weight in ϕ collapses to
φn and not only a fraction |an|
2 = |〈ϕ, φn〉|
2). — How-
ever, we have seen above that an initial product state
Ψ = [
∑
anφn(x)]Φn(Y) involving a superposition of the
quantum system cannot be prepared without a prepara-
tion device, see (8); the latter has to be accounted for
in the evolution of the measurement process. As argued
above, the true wave function is not a simple direct prod-
uct state but takes the form (8); the partially polarized
reservoir states |PLL(R)〉 have encoded into them the am-
plitudes νL(R) of the initial superposed state and, in order
for the R from U scheme to work out, the outcome of the
measurement should depend on these amplitudes such as
to produce the correct Born rule.
In conclusion, we have shown that the construction of
a Schro¨dinger cat state and its identification in a mea-
surement is a highly non-trivial issue involving the deter-
mination of the unitary evolution of the quantum system
entangled with its macroscopic environment. Averaging
over the environmental degrees of freedom in order to
render this task manageable implies the loss of infor-
mation on the presence of cat states if standard tools
(e.g., density matrices) are used. However, going over
to higher-order wave function correlators the question on
the appearance of cat states can be decided; the possi-
bility to investigate the reservoir-induced collapse paves
the way for the further analysis of the consistency of the
R from U scheme.
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